Abstract: Disulfide bonds play a critical role in a variety of structural and mechanistic processes associated with proteins inside the cells and in the extracellular environment. The thioredoxin family of proteins like thioredoxin (Trx), glutaredoxin (Grx) and protein disulfide isomerase, are involved in the formation, transfer or isomerization of disulfide bonds through a characteristic thiol-disulfide exchange reaction. Here, we review the structural and mechanistic determinants behind the thiol-disulfide exchange reactions for the different enzyme types within this family, rationalizing the known experimental data in light of the results from computational studies. The analysis sheds new atomiclevel insight into the structural and mechanistic variations that characterize the different enzymes in the family, helping to explain the associated functional diversity. Furthermore, we review here a pattern of stabilization/destabilization of the conserved active-site cysteine residues presented beforehand, which is fully consistent with the observed roles played by the thioredoxin family of enzymes.
Introduction
Disulfide bonds are covalent interactions formed between cysteine residues through a link of the sulfur atoms in the side-chains of the thiol groups (-SH). They constitute the most important exception to the typical covalent bond present in proteins (peptide bonds). They are important building blocks in the secondary and tertiary structures of proteins, acting as inter-and intra-subunit cross links (Nagy, 2013) , and play a very important role in the function and stability of proteins, particularly at the extracellular milieu. Disulfide bonds are stable bonds, only around 40% weaker than a typical C-C or C-H bond, with a dissociation energy of ca. 60 kcal/mol (251 kJ/mol) (Netto et al., 2007 (Netto et al., , 2016 , and often also referred to as disulfide bridges, SS-bonds or crosslinks.
The disulfide bond results from a reversible oxidation of two thiol groups (Fernandes and Ramos, 2004) The general SN2 mechanism for thiol-disulfide exchange involves a thiolate attack on one sulfur atom of a disulfide bond. This results in the breaking of the original disulfide bond with the release of a new thiolate, while a new disulfide bond forms between the attacking thiolate and the other sulfur atom. Hence, the process starts with a thiol deprotonation, which is highly unfavored at physiologic pH. The typical pK a of a solvent exposed thiol group is 8.3. However, the pK a of thiol groups can vary due to the surrounding protein electrostatic microenvironment, resulting in different enzymes operating in different pH ranges.
The mechanism for the thiol-disulfide exchange was studied computationally by Fernandes and Ramos (2004) . In their work they confirmed that the thiolate anion was indeed the reacting species, proceeding via a simple SN2 reaction. They used a model reaction consisting of the nucleophilic attack of a methylthiol to the disulfide bond of an oxidized form of the most common protein reducing agent, dithiothreitol (DTT). This model reaction is almost free of steric strain as it is neither expected to result from the methylthiol when changing from the thiolate to the covalent product, nor from the DTT due to the hexagonal ring formed in the oxidized state. Therefore, both this model's activation and reaction energies do reflect the intrinsic chemistry of a general thiol-disulfide exchange reaction. Fernandes and Ramos suggested in this work that the length of the disulfide bond at the transition state of this SN2 thiol-disulfide exchange reaction increased by ~0.37 Å. However, only in 2007, with the development of the exciting single-molecule techniques, were Julio Fernandez and co-workers (Wiita et al., 2006; Alegre-Cebollada et al., 2010) , able to study the force-dependent chemical kinetics of the disulfide bond reduction, reporting a value of 0.34 Å, for the distance to the transition state of the reaction, in perfect agreement with Fernandes and Ramos work of 2004 (Fernandes and Ramos, 2004) . More recently, Kolšek and co-workers suggested that thiol-disulfide exchange in protein folding often relies on simple accessibility criteria between thiolates (Kolsek et al., 2017) .
Disulfide bonds participate in several folding pathways and are a critical part of the catalytic cycle of a variety of enzymes. The equilibrium between oxidized and reduced forms, i.e. between disulfide and free thiol is also of great biological significance in a number of processes. In particular, the thiol/disulfide ratio acts as a regulator of the cellular redox potential, controlling the intracellular redox homeostasis, a thermodynamic parameter that determines which redox reactions can occur spontaneously in cellular compartments (Nagy, 2013) . The thiol/disulfide equilibrium is also involved in electron transfer processes across membranes and in the pathways of several secreted proteins (Rietsch and Beckwith, 1998; Wedemeyer et al., 2000; Sevier and Kaiser, 2002; Hogg, 2003; Bošnjak et al., 2014) . In fact, while the redox environment at the cytosol tends to preserve cysteine residues in the reduced state, disulfide bonds form rapidly in the extracellular environment.
While there is a vast number of proteins in which the disulfide bond constitutes a stable component of their mature form, in their final folded structure, several important enzymes have pairs of cysteines that cycle between reduced and oxidized states. These are often involved in the formation, transfer or isomerization of disulfide bonds in other substrate proteins through a thiol-disulfide exchange reaction. From these, the first to be described was thioredoxin (Trx) (Laurent et al., 1964) , an ubiquitous enzyme that participates in the reduction of several proteins present in the cytoplasm. Glutaredoxin (Grx) enzymes (Holmgren, 1976 ) also possess a similar Trx-fold, albeit with a different amino acid sequence, to reduce substrates using glutathione (GSH). Protein disulfide isomerase (PDI) (Wang et al., 2013) is another important oxidoreductase acting in disulfide bond formation and isomerization, involved in the isomerization of misformed SS bonds to promote the correct folding of secretory proteins.
In 2008 and 2009 another breakthrough was reported (Carvalho et al., 2008 (Carvalho et al., , 2009 ) which established that a fine tuning of the nucleophilicity of both cysteines in the active site was the cause of which type of reaction the enzyme catalyzed. This was contrary to what was assumed then, i.e. that differentiation of catalysis was achieved through a different stabilization of the solvent exposed cysteine. However, in the newly established pattern, even though there seemed to be no doubt as to the fact that oxidant enzymes have both cysteine thiolates highly stabilized and reductant enzymes have both cysteine thiolates poorly stabilized, the mechanism of isomerization remained poorly understood then with the assumption that it could occur through more than just one pathway, with isomerases having one thiolate (solvent exposed) poorly stabilized and the other one (buried) thiolate highly stabilized.
Finally, in 2017, this pattern was partly verified as well as completed, with the work of Neves and co-workers (Neves et al., 2017) on the mechanism of PDI, which was in agreement with the predicted beforehand but clarified the isomerases role.
There is large evidence that thiol-disulfide exchange and thiol-oxidation/reduction processes are controlled kinetically, not thermodynamically (Sevier and Kaiser, 2002; Hogg, 2003; Carvalho et al., 2008; Bošnjak et al., 2014; Neves et al., 2017 , Putzu et al., 2018 . This means that the specific pathways followed are mainly a result from the relative reaction rates, which are carefully controlled by specific enzymes.
Functional role of the different families
As pointed out beforehand, thioredoxin (Trx) was the first enzyme found to catalyze the thiol-disulfide exchange (Laurent et al., 1964) . It is a small monomeric protein with a molecular weight of around 12-13 kDa and was initially discovered in Escherichia coli, as a hydrogen donor for ribonucleotide reductase (Laurent et al., 1964) , but present in many organisms, including plants, bacteria and mammals. This Trx gave the name to the thioredoxin structural superfamily, which contains a large array of enzymes, with a very marked degree of structural similarity, and characteristic tertiary structure, called the Trx fold. This global fold encompasses five stranded β-sheet flanked by four helices (β-α-β-α-β-α-β-β-α). However, the amino acid sequence can vary significantly among different enzymes in this superfamily. The thioredoxin structural family includes many enzymes such as Trx 1 and 2, glutaredoxins 1, 2, 3 (GrxA, GrxB, GrxC), and many eukaryotic proteins from the PDI family, such as PDI, Erp57, PDIp, P5, Erp72 and PDIR (Carvalho et al., 2006a,b,c) . From these, Trx, Grx and PDI constitute the most representative subfamilies of thiol-disulfide oxidoreductases in mammals, and they have been widely studied in the search for global patterns that may explain their different functions in light of their similar structure.
Characteristic among Trx enzymes is a CX 1 X 2 C motif at the active site, which encloses two catalytically active cysteine residues. In the CX 1 X 2 C motif, the two center amino acid residues X 1 X 2 can be any and are usually different from each other. The nomenclature CXYC is used in the literature sometimes but Y should not be confused with the one-letter amino acid residue code Y, i.e. tyrosine. The most N-terminal cysteine residue, called nucleophilic cysteine, is largely exposed to the solvent, and typically deprotonated at physiological pH, while the other cysteine is buried into the protein chain and protonated (Lai et al., 2011) . Different enzymes in this family have different amino acids in their CX 1 X 2 C motif, differing also in terms of characteristic pK a values for the nucleophilic cysteine and redox potentials. Trx itself has a CGPC motif (Figure 1) , with the nucleophilic and buried cysteines residue positions 32 and 35, different from that characteristic of the other subfamilies (glutaredoxin and PDIs). In fact, in glutaredoxin these cysteines occupy the residue positions 22 and 25, with the enzymes adopting a CPYC motif, while in PDI they correspond to the positions 53 and 56 (CGHC motif) (Carvalho et al., 2006a,b,c) . Another characteristic structural feature of the TRX-fold common to these enzymes is the presence of a cis-Pro loop close to the CX 1 X 2 C motif, which results in the approximation of a proline, important for substrate recognition (Gruber et al., 2006; Netto et al., 2016) .
The Grx system was firstly described by Holmgren to be an alternative electron donor to ribonucleotide reductase in E. coli mutants lacking Trx (Holmgren, 1976) . Grxs can also act both as electron donors and as regulators of cellular function in response to oxidative stress. Furthermore, they play a role in the dehydroascorbate reduction (Wells et al., 1990) , and the regulation of cellular differentiation (Takashima et al., 1999) , sulfur assimilation (Lillig et al., 1999) , apoptosis (Chrestensen et al., 2000) and transcription (Bandyopadhyay et al., 1998) . Grxs were also detected within HIV-1 and were proven to regulate the activity of glutathionylated HIV-1 protease in vitro (Davis et al., 1997) . They are small proteins, usually around 9-15 kDa , and they catalyze the reduction of oxidized diglutathione (GSSG) to a reduced GSH (Carvalho et al., 2006a,b,c) via a mechanism that includes a mixeddisulfide between Grx and substrate (Aslund et al., 1997; Adachi et al., 2004) . Grxs can be divided into two major categories based on their active site motifs: the dithiol Grxs with active site motif CPYC and the monothiol Grxs with active site motif CPYS (Herrero and de la Torre-Ruiz, Figure 1 : Representation of the CX 1 X 2 C motif for the most common thioredoxin-like enzymes discussed in the literature. From left to right: thioredoxin (Trx), glutaredoxin (Grx) and protein disulfide isomerase (PDI). The X 1 X 2 variable motif is outlined in black lines. Cys N and Cys C stand for the nucleophilic (N-terminal) and buried (C-terminal Cys).
2007, Lillig et al., 2008) . The monothiol Grx can be further subdivided into single-and multi-domain Grxs de la Torre-Ruiz, 2007, Lillig et al., 2008) . The multidomain Grxs have not yet been identified in bacteria while both dithiol and single-domain monothiol Grxs are found in all forms of life like bacteria, plants and vertebrates (Lillig and Berndt, 2013) . In particular, monothiol Grxs from E. coli, yeast and vertebrates, including humans, are crucially involved in iron-sulfur cluster biosynthesis and regulation of iron homeostasis (Rodriguez-Manzaneque et al., 2002) . Another Grx division called CC-type Grx has proline in the second position replaced with cysteine (CCYC/S), and this is solely found in land plants (Xing et al., 2006) . Protein disulfide isomerase (PDI) is a multifunctional enzyme that catalyzes disulfide bond formation, cleavage and isomerization in eukaryotic cells. It is composed of 4 Trx-like domains (a, b, b′, and a′) (Wang et al., 2013) , but only the a-and a′-domains present a CGHC motif that confers catalytic activity (Edman et al., 1985) . The remaining domains exhibit hydrophobic patches that confer affinity to bind to several protein substrates, and are thus involved in its chaperone activity (Klappa et al., 1997) . Even though, the catalytic domains of PDI can function independently, PDI's maximum activity is achieved when all four domains contribute synergistically to catalysis (Darby et al., 1998) . The main physiological function of PDI is in the secretory protein pathway, where it is a rate-limiting enzyme in the isomerization of native disulfides for the synthesis of functional proteins (Sevier and Kaiser, 2002) . In addition, PDI is also an important regulator of the glutathione (GSH/GSSG) and hydrogen peroxide redox buffers of the endoplasmic reticulum (Tu and Weissman, 2004) . In fact, recent studies showed that deletion of PDI leads to unbalance in the redox buffers of cells, which develops unfolded protein response phenomena (Tu and Weissman, 2004) . The latter has been referred to be a precursor of diseases such as Alzheimer's, Parkinson's or type-II diabetes (Benham, 2012) . Additionally, PDI is frequently overexpressed in cancer cells and it has been regarded as a potential target in cancer treatment (Xu et al., 2014) .
Mechanistic aspects Thioredoxin
In Trx, the experimental pK a of the nucleophilic cysteine has been determined to vary between 6.3 and 7.1 (Dyson et al., 1991; Langsetmo et al., 1991; Forman-Kay et al., 1992; Chivers et al., 1997; Mossner et al., 1998; Moutevelis and Warwicker, 2004; Cheng et al., 2011 ) with a redox potential of ca. 270 mV (Miranda-Vizuete et al., 1997) . The catalytic cycle of Trx is considered to occur in three main stages: (1) The first step of the mechanism has been shown to depend on the pK a value of Cys N from the CX 1 X 2 C motif, which is typically around 7 (Dyson et al., 1991; Dillet et al., 1998) . The lowering of the pK a is a consequence of the stabilization of the negative charge at the free thiolate through hydrogen bonding with neighboring residues (Foloppe et al., 2001) .
Neighboring Asp and Lys amino acid residues, located in the vicinity of the two catalytic cysteine residues have been implicated in catalysis (Eklund et al., 1984; Collet and Messens, 2010; Netto et al., 2016) . These residues help to define a charged region shielded from the environment located between the β2-and β3-strands and the α2-helix turn. In particular the Asp residue has been associated to activation of the CX 1 X 2 C motif as a nucleophile (Chivers et al., 1997; Menchise et al., 2001; Roos et al., 2009) .
Trx has also two important conserved prolines, in addition to the proline residue that constitutes the characteristic CGPC motif. The latter determines the reducing power of the Trx enzymes, having a dramatic impact on the redox properties of the protein, well portrayed in mutagenesis studies involving Ser or Thr mutants (Gleason et al., 1990; Krause et al., 1991; Chivers et al., 1997; Mossner et al., 1998; Schultz et al., 1999; Roos et al., 2007; Lewin et al., 2008) . One Pro occupies a position in the primary sequence of Trx, five residues after the CX 1 X 2 C, motif and is responsible for inducing a bend in the corresponding helix (α2-helix), important for the stabilization of the Trx-fold (de Lamotte-Guery et al., 1997; Chakrabarti et al., 1999) . The third conserved Pro residue occupies a position around the active-site that is located opposite to the CX 1 X 2 C motif, adopting a conserved cis-conformation and playing an important role, both in terms of structure and redox potential (Gleason, 1992) . A conserved Thr residue is also present near the third Pro and opposite to the CX 1 X 2 C motif, playing also an important structural role (Eklund et al., 1991) . Similarly, a Trp residue located immediately before the CX 1 X 2 C sequence motif makes an important contribution to the thermodynamic stability of the enzyme (Garcia-Pino et al., 2009) .
We have applied computational QM/MM methods to compare the dithiol groups in Trx and DsbA, and to rationalize the pK a difference of 4.5 existing between the nucleophilic cysteines of the two very similar homologous enzymes (Carvalho et al., 2006a,b,c) . Our calculations indicated that the main factor responsible for this difference was the position of the α2-helices, which stabilized much more the Cys N thiolate in DsbA than in Trx. Furthermore, double mutation by Ala of the Asp and Lys residues located in the vicinity of the two catalytic cysteines (Asp26/Lys57 in Trx, and Glu24/Lys58) that have been implicated in catalysis did not change the calculated pK a values, suggesting that these residues are not involved in the differentiation of properties of the active site dithiol. The calculations have also shown that the X 1 X 2 residues at the CX 1 X 2 C motif did not promote differential thiolate stabilization.
We also explored the activation (deprotonation) of the buried thiol (with a pK a > 9) (Kallis and Holmgren, 1980; Chivers et al., 1997; Carvalho et al., 2006a,b,c; Cheng et al., 2011) and the role of the variable activesite residues, using density functional theory (DFT) and classical molecular dynamics (MD) (Carvalho et al., 2008) . Our calculations suggested that the deprotonation of the buried thiol, which is required before the second SN2 step, can occur directly after the first SN2 step through proton abstraction by the thiolate leaving group, which is released in the vicinity of the thiol group of the buried Cys35. Furthermore, the application of MD simulations also helped to demonstrate the importance of a number of amine N-H groups in the stabilization of the nucleophilic Cys32 thiolate and the importance of structural rigidity in the X 1 X 2 motif of Trx for activity.
Glutaredoxin
Grx have been widely studied through nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography (Eklund et al., 1992; Xia et al., 1992) . There are over 100 structures of Grxs from different organisms like Homo sapiens, E. coli, Saccharomyces cerevisiae, etc. in the protein databank. In bacterial Grxs, the structure contains four stranded β-sheets that are surrounded by three α-helices while other Grx types from yeast or human consist of four stranded β-sheets surrounded by five α-helices. The central β-sheet is composed of three antiparallel strands (β1, β3, β4) with β2 parallel to the adjacent β1. The active site motif is located on the loop connecting β1 and α1 (Figure 2) . The Cys N in the Grx active site is similar to Trxs, surface-exposed with low pK a (3.8) (Tagaya et al., 1989; Yang and Wells, 1991) , while the Cys C is buried in the molecule and has a much higher pK a value (>10.5) Roos et al., 2013) .
The Cys N thiolate has been reported to be stabilized by the electrostatic interaction with the positively charged residue (Lys20) in the active site region and also by the backbone amines of Tyr25 and Cys26, as well as the Cys26 thiol group (Figure 2) . In fact, mutating Lys20 by Gln resulted in loss of catalytic activity due to an increase in the pK a value of the N-terminal Cys thiol (Jao et al., 2006) . Human Grxs have two additional helices located at the N-and C-termini, and three additional solventexposed Cys residues (Cys8, Cys79 and Cys 83) in addition to those present in the active site (Sun et al., 1998) . The exact role of these cysteines is yet to be established (Sun et al., 1998) , but they are proposed to play a regulatory role because their oxidation leads to inactivation of the protein (Klintrot et al., 1984) .
The catalytic mechanism of Grxs depends on the type of Grx. Monothiol Grx utilizes the Cys N to reduce the protein substrate-GSH mixed disulfide, while dithiol Grx uses both active site cysteines to reduce the GSSG-disulfide through thiol-disulfide exchange (Ukuwela et al., 2018) . Grx-catalyzed thiol-disulfide exchange reaction provides a means for thiol and disulfide redistribution in the cell (Axelsson and Mannervik, 1980) . Studies have shown that the catalytic activity of Grx is specific for glutathionyl mixed-disulfide substrates because other nonglutathionyl disulfides react much more slowly Rabenstein and Millis, 1995; Gallogly et al., 2009 ), leading to the conclusion that the γ-L-glutamyl-L-cysteinyl moiety of glutathione disulfide (GSSG) and of the GSH-containing mixed disulfide are an important structural feature in their thiol-disulfide exchange reaction by Grx (Rabenstein and Millis, 1995) . The thiol-disulfide exchange catalyzed by Grx is also proposed to proceed via an SN2 transition state like other Trx enzymes, where the Cys N thiolate group nucleophilically attacks a disulfide bond along the sulfur-sulfur axis to form the Grx-SSG intermediate. Thereafter, the Grx-SSG intermediate can either react with a molecule containing a thiol group (such as GSH) to regenerate the reduced form of Grx and the oxidized substrate, or undergo an intramolecular oxidation using the thiol group of Cys C to form the oxidized Grx (GrxS 2 ) and another molecule of GSH. The latter reaction is more favorable than the former due to the proximity of the Cys C to the intermediate; however, this reactivity could be offset if the orientation of the Cys C thiol relative to the Grx-SSG intermediate is unfavorable (Gallogly et al., 2009 ).
Protein disulfide isomerase
PDI can function primarily as an oxidoreductase by performing thiol-disulfide exchange in the GSH/GSSG buffer and in several protein substrates. However, the main function of PDI is to perform the isomerization of disulfide bonds in proteins during oxidative folding to produce functional proteins. Furthermore, PDI exhibits chaperone activity, which is critical during oxidative protein folding.
Experimental evidence regarding the chemical properties of its CGHC motif indicates that the Cys N exhibits a lower pK a (~4.5) than that of equivalent Cys in Trx-like folds, while Cys C exhibits a much higher pK a (~12.8) (Lappi et al., 2004) . In addition, it is most often found in the reduced state (Appenzeller-Herzog and Ellgaard, 2008) .
Consequently, the catalytic cycle of PDI as an isomerase is proposed to occur in two main stages: (1) formation of a mixed-disulfide PDI:substrate through nucleophilic attack of Cys N on the CGHC motif to a non-native disulfide of a misfolded protein; and (2) cleavage of the mixeddisulfide intermediate by intramolecular oxidation or by another protein Cys or foreign thiolate species (Lappi and Ruddock, 2011) .
We recently published a detailed proposal for the reductase mechanism of the a-domain of human PDI obtained by quantum mechanics/molecular mechanics (QM/MM) calculations, with atomistic resolution (Neves et al., 2017) . We studied the reduction of GSSG, which is the simplest substrate of PDI and an important molecule in the cell's redox buffers, to GSH.
The formation of the mixed-disulfide intermediate takes place through an SN2 nucleophilic substitution that we have extensively studied (Fernandes and Ramos, 2004; Neves et al., 2014 Neves et al., , 2017 , where the Cys N (Cys53) is placed in line with the GSSG-disulfide. The Gibbs activation energy was determined to be 18.7 kcal · mol −1 , in good agreement with the experimentally determined barrier of 17.6 kcal · mol −1 (Lappi and Ruddock, 2011) . We also confirmed that the reaction is actually thermodynamically regulated, because the number of hydrogen bond donors in the immediacy of the leaving GSH product (at least two) is a requisite to observe a transition state for the reaction.
The analysis of the transition state disclosed the importance of the CGHC motif for the reaction (Figure 3) . The state is dominated by the antisymmetric stretching of the three inline sulfur atoms; however, it is clear that there are two hydrogen bonds between the backbone of Gly54 and His55 and the CGHC nucleophilic sulfur that weaken considerably as the mixed-disulfide intermediate is formed. This fact emphasizes that these interactions should be critical to stabilize the nucleophilic Cys. We also observed that the neutral ionization state of His55 plays an important role in GSSG binding, while the positively charged ionization state precludes the formation of the mixed-disulfide intermediate.
Once ). Alternatively, we confirmed that the Cys C of CGHC (Cys56) can also be easily deprotonated by the neighboring Glu47, via a water molecule, with minor structural rearrangements, leading to a thermodynamically stable intermediate. At this state, intramolecular oxidation is favored and occurs moderately fast through thiol-disulfide exchange through the attack of Cys56 to the mixed disulfide (ΔG ‡ < 7.2 kcal · mol −1 ), depending on whether there are polar species that can stabilize the second leaving GSH, thus preventing the formation of trapped mixed-disulfides. From the comparison of both thiol-disulfide exchange reactions, we also proposed that the kinetic barrier for the reaction is highly-dependent on the number of hydrogen bond donors to the nucleophilic Cys (three for the formation of the mixed-disulfide intermediate and two for its cleavage).
Contrarily to what is predicted in the literature (Lappi and Ruddock, 2011) , the formation of the mixed-disulfide intermediate seems to be the rate-limiting step of the reaction mechanism of PDI. Our results are also supported by mutagenesis studies that state that the activity of PDI is slightly reduced, but not compromised, upon mutation of Cys56 by Ser (Walker et al., 1996; Kersteen et al., 2005) . Nevertheless, the actual isomerization rate of PDI is lower than the rate of thiol-disulfide exchange reactions, and the relative efficiency of each of its catalytic sites is dependent of the substrate and the synergistic effects in its environment (Darby et al., 1998) .
Even though our study was the first one to study the nature of the reaction mechanism of PDI, further clarification is required on the full mechanism of disulfide isomerization by PDI during protein oxidative folding. In this regard, we highlight the clarification of PDI's chaperone activity, its action in the prevention of protein aggregation, or the mapping of its domains for substrate binding. Past studies (mostly using NMR) determined that the b′-domain is mostly responsible for the binding affinity of PDI towards protein substrates, proposing some residues responsible for substrate binding (Pirneskoski et al., 2004; Byrne et al., 2009 ). However, only recently the mapping of the b-and b′-domains of PDI with a protein substrate along its folding stages was performed (Irvine et al., 2014) . Upon the deposit of the first X-ray structures of human PDI (Wang et al., 2013) , the oxidation of the a′-domain of PDI is also proposed to contribute to the chaperone activity.
Rationalization of the differences between the pK a of Cys

N in enzymes of the thioredoxin superfamily
Over the years many theories have been put forward to explain and rationalize the different reactivity patterns of Trx, Grx and PDI enzymes, particularly in terms of the different redox and pK a ranges (Roos et al., 2013) . It is well known that the pK a of a Cys thiol can be strongly influenced by the surrounding protein environment. A variety of effects have been suggested including steric tension, the nature of the X 1 X 2 amino acid residues, specific residues around the active site, charge-charge interactions, hydrogen bonds, aqueous desolvation and even helix-dipole effects (Nielsen et al., 2001; Harris and Turner, 2002; Carvalho et al., 2006a,b,c; Roos et al., 2013) .
Steric tension
One of these hypotheses is the enzyme's steric tension. Thiol-disulfide exchange reactions occur through transition states presenting a quasi-linear geometry, typical for a SN2 reaction. It has been argued that steric factors at the active site could induce a strain around the disulfide, shifting the Cys-S-S-Cys dihedral angles from 90°. However, the high degree of structural similarity between the different enzymes in the family forecloses any direct correlation between the activity and the structural features associated to steric tension in these enzymes. The values for the two thiol bond angles are typically between 105-115°, with dihedrals in the range 60-90° and disulfide bond-lengths between 2.02 and 2.08 Å for all members of the family (Katti et al., 1990 (Katti et al., , 1995 Eklund et al., 1992; Jeng et al., 1994) .
Alpha-helix
The pK a control of the CX 1 X 2 C motif in Trx-like enzymes was also related to its interaction with the α1-helix where the catalytic motif is included. This stabilizing effect is proposed to result from the interaction of the Cys N -thiolate of CX 1 X 2 C and the dipole of the α1-helix, as well as from hydrogen bonds formed with neighboring residues (Guddat et al., 1998) . In fact, computational studies by Roos and co-workers emphasized that this stabilization is mostly promoted by hydrogen bonds at the N-terminus of α-helices, and it seems to be more pronounced with a larger number of turns in the helix (Roos et al., 2006) . In addition, a recent computational study also emphasized that Cys residues closer to the N-terminus of α-helices often exhibit lower pK a s and higher nucleophilicity (Fowler et al., 2017) .
Kortemme and coworkers proposed that this stabilization could decrease the pK a of Cys-thiols in ca. 1.5-2.1 units, which could explain the pK a of the Cys N of Trx but would not explain differences up to 5 units observed among the thioredoxin family (Kortemme and Creighton, 1995) . Later studies by Iqbalsyah and co-workers also verified that the deprotonated form of Cys is favored in helicoidal peptides, but again refer that other interactions should be required to lower the pK a of Cys to values close to the observed in DsbA or PDI (Iqbalsyah et al., 2006) . On the same trend, Carvalho and co-workers (Carvalho et al., 2006a,b,c) obtained similar results, but first discussed the effect of this helix on the differentiation of enzyme function. Later, the contribution of the α1-helix for the increased reducing power of Trx was shown to be significant and dependent on the nature of the residues in the α1-helix, quickly converging upon increasing Ala mutations (Dumont et al., 2008) .
Specific amino acid residues
Several pieces of evidence indicate that the presence of specific amino acid residues around the active site can result in a stronger or weaker stabilization of the nucleophilic Cys, affecting the pK a of this Cys in the different enzymes.
For example, in Trx, the ionization state and corresponding charge present at Asp26 was proposed to influence the pK a of the nucleophilic Cys (Kallis and Holmgren, 1980; Holmgren, 1985) . Mutation Asp26Ala, Lys57Met and Asp26Ala/Lys57Met resulted in significant changes of the active site's Cys thiol, particularly its nucleophilicity (Dyson et al., 1997) , confirming the relevance of Asp26, but also of the Lys57 · · · Asp26 pair, for the active site thiols. Conserved Asp and Lys residues at these positions were also found for PDIs, but not in glutaredoxin, where they were substituted by valine and Phe residues.
An additional study by Dyson and co-workers examined the pH-dependent behavior of Trx (Dyson et al., 1991 . The authors showed that in addition to the two active-site Cys thiol groups, there was an additional group around the active site titrated over the same pH range. This behavior was attributed to Asp26, which through a salt bridge/hydrogen bond with Lys57 could promote Trx activity by providing both a source and sink for protons in the hydrophobic cavity that would serve as binding pocket for Trx substrates (Jeng and Dyson, 1996) . More recently, we also observed that a Glu47 (in the same position as Asp26 in Trx) could control the protonation of Cys C in PDI, promoting oxidation of the CGHC motif (Neves et al., 2017) . However, no equivalent could be found in Grx.
More recently, Lafaye and co-workers observed that mutations that decreased the number of hydrogen bonds to the nucleophilic Cys of DsbG improved the activity of these enzymes towards nitrosylated thiols (Lafaye et al., 2016) .
CX 1 X 2 C motif
A natural difference between the three active sites lies in the identity of the amino acid residues that constitute the X 1 X 2 in the CX 1 X 2 C motif characteristic of the different enzymes. While in Trx the X 1 X 2 motif is defined by a Gly and a Pro residue (CGPC), in Grx it is occupied by a Pro and a Tyr (CPYC), while in PDI it is played by a Gly and a His (CGHC) (Carvalho et al., 2006a,b,c) .
Interestingly, mutating the -Gly-Pro-peptide of Trx by the -Pro-Tyr-and -Gly-His-of glutaredoxin and PDI, resulted in a change in the redox potential in a direction that paralleled the expected change for the wild type enzymes (Mossner et al., 1998; Lafaye et al., 2016) . However, the magnitude of that effect was still far from the values of the corresponding wild type values (Mossner et al., 1998) . Furthermore, Siedler and coworkers (Siedler et al., 1993 (Siedler et al., , 1994 showed that all the octapeptides with the CX 1 X 2 C motif of Trx, Grx and PDI exhibited a redox potential of −0.20 V, which again suggested that redox potential is not solely determined by the CX 1 X 2 C motif.
Other authors have proposed that a hydrogen bond/ proton sharing from the buried Cys C to Cys N could also modulate the pK a of Cys N ; however computational studies by Carvalho and co-workers (Carvalho et al., 2006a,b,c) provided that Cys C exhibits a much higher pK a than Cys N (~14 vs. 7.5). Most consistent pieces of evidence point out that the number of hydrogen bond donors to the reactive Cys seems to be the closest to a unifying pattern among the thioredoxin-like family (Roos et al., 2013; Lafaye et al., 2016) . In the past, we have discussed the effect of the stabilization of Cys N and Cys C on the function of Trx-like enzymes, namely by the X 1 X 2 motif and the local enzyme environment (Carvalho et al., 2009) . The work by Carvalho and co-workers proposed that the disulfide reducing, oxidizing or isomerizing function of these enzymes is fundamentally driven by the relative stabilization of the catalytic cysteines in the CX 1 X 2 C motif: while reductant enzymes possess less stabilized Cys N and Cys C , oxidant ones exhibit more stabilized Cys N and Cys C . Later, we were able to propose the isomerization mechanism by PDI and discuss all functions of these enzymes (Neves et al., 2017) . While studying the mechanism of GSSG reduction by PDI, we again observed that two short hydrogen bonds from the backbone of His55 and Cys56 in CGHC favor the reduced state of the active over the oxidized state. The pK a of Cys N in PDI (~4.4-6.7) (Hatahet and Ruddock, 2009 ) resembles that of Grx (where -Gly-His-is replaced by -Pro-Tyr-) or DsbA (which presents a -Pro-His-peptide), all of which present a similar hydrogen bond network, as opposed to that of Trx (-Gly-Pro-peptide) where only the Cys C -backbone donate a hydrogen bond to Cys N (Foloppe et al., 2001 ).
Conclusions and outlook
This work focuses on the mechanistic and structural aspects of disulfide bond formation in biological systems through thiol-disulfide exchange by Trx-like proteins. Disulfide bonds, which are often derived from two thiol groups coupling in proteins, are of great importance in protein folding and stabilization, and on the redox regulation of cells, in particular at the endoplasmic reticulum. Thioredoxin family proteins like Trx, Grx, and PDI, which are known to be involved in the formation, transfer or isomerization of disulfide bonds via thiol-disulfide exchange reaction are emphasized. This important reaction is involved in several biological processes ranging from gene expression/regulation and catalytic activity, to protein folding and stability. Table 1 summarizes some characteristics of Trx, Grx and PDI. The CX 1 X 2 C active site motif conserved in the family, and the reactivity of the thiol sulfur is highly dependent on the Cys pK a value, as a lower pK a affects both nucleophilicity and leaving group ability of the associated thiolate. Although the pK a of nucleophilic Cys N is lower than that of free Cys in solution, the value varies intriguingly depending on the Trx-like protein. These pK a values clearly contribute to the redox properties of the thioredoxin family proteins. In addition, the nature of X 1 X 2 residues in the CX 1 X 2 C motif has key influence on the Cys N pK a , contributing to why some of the proteins act as reductants, while others are more efficient oxidants. The effect of these two residues can be mostly understood based on the number hydrogen bonds that they can provide to stabilize the Cys N -thiolate, which greatly affects the standard redox potential of the family. Finally, we gathered knowledge that could provide a rationale for the function of Trx-like enzymes and the CX 1 X 2 C motif: we proposed that more stabilized catalytic cysteines favor disulfide oxidation and less stabilized ones favor disulfide reduction, while disulfide isomerization depends on the availability of protein thiolates nearby the active site that may solve mixed-disulfide intermediates to form new protein disulfides, as opposed to the rescue of trapped mixed-disulfides through the intramolecular oxidation mechanism.
Figure 4 summarizes all that has been said, establishing the extraordinary behavior of both cysteines from the CX 1 X 2 C motif in the active center of the enzymes that belong to the thioredoxin family.
